Abstract. The velocity of elastic wave is usually the essential property that has to be measured in advance, when applying the civil NDT technique based on the theory of transient elastic wave. The accuracy and handiness of the velocity measuring method are often become a key about the practicability of the NDT method. In this paper, based on the transient elastic wave theory, an elastic-wave-velocity measurement system was developed. The interdisciplinary techniques related to civil engineering, electronic engineering, mechanical engineering, and computer science were integrated to make this system more stable and easier to operate on the construction site. The processes during the measurement such as data capturing, signal processing and even data analysis are accomplished by the controlling software automatically. The measurement will be completed in seconds. Therefore, lots of data could be gathered in very short time and then used to estimate the quality of concrete. Besides, the wireless data transfer technology was also adopted in this system. With this function, more experts could monitor the measurement simultaneously through the Internet. In the preliminary experiment, the result shows good correlation between the wave velocity and the compression strength. It demonstrates the potential of this system on the application of NDT technology.
Introduction
Recently, some useful NDT methods for civil engineering have been developed gradually. These techniques based on the theory of transient elastic wave, such as impact-echo method [1, 2] , surface-breaking crack depth detection [3] , defect image scanning [4] , and elastic wave velocity measurement [5] [6] [7] [8] etc., catch the most attention for industrial application. The main reason is that these methods can be applied to detect the defects or inclusions in concrete structures effectively. It must be noted that the elastic wave velocity is often the important parameter or reference of these methods. For this reason, it is a key technique to develop the civil NDT technology that how to measure the elastic wave velocity of concrete more rapidly and accurately.
In the traditional ultrasonic method [7] , two probes should be placed opposite on both parallel sides of the specimen to get accurate result of elastic wave velocity. It limits the method to the on-site application. In 1995, Wu et al. proposed a new method [3] based on the point-source/point-receiver technique [9] to measure the wave velocity and then obtain the elastic constants out nondestructively; just one surface is needed to carry out the result. Consequently, the drawback of ultrasonic method is overcome. It has much potential to increase the accuracy of present elastic-wave-based NDT method and develop some other new methods, if the measuring apparatus is ready.
In this paper, based on the transient elastic wave theory, a velocity measuring system for concrete structure was developed. It is composed of a source generator, a displacement transducer set, an adjustable amplifier, a signal capturing unit, a signal processing unit, and the controlling software. For the efficiency and accuracy, two techniques: automatic measuring and wireless data transfer were applied into this system. It is an interdisciplinary research related to civil engineering, electronic engineering, mechanical engineering, and computer science. After combining all the technologies together, a NDT system was developed and ready for on-site application.
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Principle of Measurement
For a homogeneous isotropic half-space domain, when applying a steel ball impact on the surface, the theoretical vertical and horizontal response [10] on the surface is shown in Fig. 1 . The vertical and horizontal axes represent the non-dimensional displacement and time respectively. The force-time function is in the form of a half cycle sin 3/2 t function. The vertical response denotes the displacement in the direction perpendicular to the surface; the horizontal response denotes the displacement in the direction parallel to the propagating path of skimming longitudinal wave on the surface. In Fig. 1 , the arrivals of the longitudinal wave (P), transverse wave (S) and Rayleigh wave (R) are marked.
From Fig.1 , we can find that the propagating speed of longitudinal wave (P) is the highest one among all kinds of elastic waves. When we detect the first arrival time of surface responses received by two transducers separated away a certain distance, the traveling time of the skimming longitudinal wave can easily be determined and so does the wave velocity, C P . With this idea, the wave velocity can be measured just on one surface of the specimen. The measuring scheme can be designed as shown in Fig. 2 . As compared with the rest of the signal in Fig. 1 , however, the amplitude of the vertical component of the longitudinal wave-front arrival is relatively small. It will reduce the accuracy of measurement. Nevertheless, one phenomenon should be noted. In contrast to the vertical component, the horizontal component of the longitudinal wave gives a much clear displacement jump at the wave-front arrival. Fig.3 is the re-plot of Fig.1 with an enlarged vertical scale to reveal the amplitude of the longitudinal wave-front. From this re-plot, it is clear that the amplitude of the horizontal component is five to six times larger than that of the vertical component. It will dramatically increase the accuracy of measurement when adopting horizontally polarized transducers as the receivers of S 1 and S 2 in Fig. 2 .
From the theoretical signals of Fig.1 , it is obviously that Rayleigh wave dominates the wave form of the surface response. Rayleigh is a nondispersive wave when propagating in the homogeneous isotropic half-space domain. The waveform will remain almost the same after certain distance propagation. With these characteristics, the traveling time of Rayleigh can be determined by cross correlation calculation of the signals received by receivers S 1 and S 2 in Fig.2 :
Where S 1 (τ) and S 2 (τ) represent the waveforms received by receivers S 1 and S 2 respectively. The corresponding time of the maximum value of z(t) is the traveling time. Then, the velocity of Rayleigh wave, C R , can be determined. 
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When the velocity of longitudinal and Rayleigh wave are measured by the methods mentioned above, the transverse wave velocity, C S , could be calculated out with Rayleigh equation:
Then the elastic constant could also be calculated out with the equation shown following:
Where ρ is density, λ and µ are Lame` constant. This is a nondestructive method to obtain the elastic constant of concrete material on construction site. And all the information could be applied to estimate the quality of the concrete structures nondestructively [11] .
Composition of System
According to the measuring principle, an elastic wave measurement system was developed in this paper. It is mainly composed of a source generator, a displacement transducer set, an adjustable amplifier, a signal capturing unit, a signal processing unit, and the controlling software, as shown in Fig. 4 . The elastic wave is generated by a source generator and then propagates out in the specimen. The transducer set detects the displacement response on the same surface and converts that response into an electrical signal. The signal capturing unit captures the analog signals amplified by the amplifier and digitizes these signals. Finally, the digital data was processed by the signal processing unit. The source generator is made of a steel bar with a steel ball weld on the end. To generate the elastic wave, the steel bar is bent and then released to hit the surface of the specimen. The force-time function of impact is almost in the form of half sin 3/2 t function. Derived from Hertz contact theory [12] , the contact time of the source T C could be expressed as:
Where ν is Poisson's ratio, E is Young's modulus. The subscript 1 and 2 represent the character of the steel ball and the half-space respectively. R denotes the radius of the steel ball. From Eq. 4, it is shown that the larger the steel ball, the longer the contact time and thus the longer the wave length of the elastic wave. It must be noted that the half-space is assumed to be homogeneous. To satisfy this assumption, the wave length should be much larger than the diameter of the coarse aggregate. It could be achieved by choosing an appropriate steel ball. 
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To get more clear displacement jump at the longitudinal wave-front arrival, the displacement transducer set is mainly composed of two horizontally-polarized-displacement transducers. The transducer is made up with a horizontally polarized PZT ceramic cone, a backing and the metal shell, as shown in Fig. 5 . The PZT cone is deformed by the horizontal displacement disturbed by the elastic wave. The electric charges are induced, owing to the transversely piezoelectric effect, and accumulated both on the upper and lower electrodes to form a potential difference. The upper-sided electrode is stuck on the backing by conductive glue and then connected to the output BNC connector. The lower-sided electrode is covered with a copper film, which has good conductivity for electricity and shear strain, and connected to the metal shell as the electronic ground. It is important to note that the backing and the signal wire are at the same electric potential. To prevent short, the backing should be covered well with insulating material. The taper-shaping design of the transducer is for good contact condition between the transducer and the uneven measuring surface. To reduce the measuring error from the traveling distance and protect the PZT ceramic cone, transducers are put into a metal case with two holes separated with certain distance, but free to move in the axial direction.
The adjustable amplifier could be utilized to adjust the amplitude of signals if needed. It could used to increase the accuracy of measurement by making the displace jump of the wave-front arrival more clear. The circuit is mainly composed of a voltage follower and an inverting amplifier, as shown in Fig.  6 . The output electric current from PZT cone is so small, to prevent distortion of signal, the voltage follower should be applied between the transducer output and the inverting amplifier. The gain of the amplifier could be changed by tuning the variable resistor R 2 .
Instead of using the digital oscilloscope, a PCMCIA-interfaced A/D card and a notebook computer are utilized in this system. The advantage of using this portable arrangement is that it can be used to inspect the on-site concrete structure. Furthermore, with such an arrangement, the acquired elastic wave signals can be processed immediately. Although, the sampling rate of the current set-up (20 MSPS) is lower than the conventional digital oscilloscope, e.g., the LeCroy 9314 (100 MHz), it is high enough for elastic wave velocity measurement which utilized the elastic wave with central frequency around 10~100k Hz. The function of the A/D card is to convert the acquired analog signals to the digital ones and send the data to the notebook computer.
For the automatic measurement of this system, the signal process is accomplished by the controlling software. The raw data come from A/D card is a bunch of discrete values. They should be processed to estimate the wave velocity propagating in the specimen. Besides, the A/D card needs a proper controlling program to function normally. In this system, to build stable and user-friendly controlling software, it was developed in National Instrument's LabVIEW graphical language which is good for hardware support and plenty of DSP libraries. 
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Automation of Measurement
Generally speaking, the operating condition on the construction site of civil engineering is much worse than that in laboratory. To reduce the loading of the operating staff and prevent the man-made errors, the automation of measurement is very important. In this system, the controlling software is mainly composed of three parts: data capturing control, longitudinal wave velocity measurement, and Rayleigh wave velocity measurement. The data capturing control subprogram is also called by two measuring subprograms. At the beginning of the program, it will set the default parameters to A/D card for general measurement. The parameters could be adjusted from the parameter setting panel if needed. When triggered, the A/D card will capture the electric signals converted from transducers and then send the digitized data into computer for processing. According to different demand, the data will be processed in different subprogram.
Longitudinal Wave Velocity Measurement. The control panel of longitudinal wave velocity measurement is shown in Fig. 7 . The upper part shows the original signals received from the transducer set. While the lower part shows the processed signals, the arrival time will be labeled with a suddenly jump. The calculated result will also be shown on the panel. The controlling tools are on the right-hand side.
It is threshold method the automatic mechanism in this program to find the arrival time of the longitudinal wave. When the longitudinal wave arrives, the signal will response with a clear jump. We can choose a value h for the program as the threshold whose corresponding time will be treated as the arrival time. The high frequency noise in the captured signal is removed by the FIR filter to prevent the erroneous of the automatic measurement. Even though, when the measurement is performed on the construction site, there is still unfiltered noise in the processed signal, as shown in Fig. 8 . If we search the threshold point whose amplitude is h from left to right on the line AB, which is the mean-offset of undisturbed signal, the wrong result may be chosen owing to the noise. Instead of above-mention method, the program traces from line AB to a point C with higher threshold H, and finally backward to the point D with threshold h. Finding the corresponding time of suchlike point D in two received signals, the propagating time is then determined. The longitudinal wave velocity could be calculated out. For double check, the threshold point determined by program will be labeled with a vertical line in the enlarged wave-front signals shown on the lower part of the panel.
Rayleigh Wave Velocity Measurement. The control panel of Rayleigh wave velocity measurement is shown in Fig. 9 . The upper part shows the original signals. The result after cross correlation calculation is shown in the lower part. Also, on the right-hand side are the controlling tools. 
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From the theoretical signals of half-space impact, it is obvious that Rayleigh wave has the largest amplitude. For this reason, the program will find the point with maximum amplitude in each signal and also label it for double check. Afterward it will perform the cross correlation calculation of two signals cut before those points and show the result on the lower part of the panel. The corresponding time of the point with maximum value of the result is the traveling time of Rayleigh wave.
Wireless Data Transfer
To extend the function of the system, modern wireless technology is utilized for data transfer. The system setting and the captured signals could be shown on the remote computer simultaneously, as shown in Fig. 10 . With this function, experienced engineers could monitor the measuring process anywhere just through the Internet.
The protocol used in this system for data transmission on the Internet is TCP/IP, a connection orientation protocol with complete reliability. With regard to the wireless transmission, the emerging technology IEEE 802.11 (Wi-Fi) or GPRS could be used depending on the measuring condition.
IEEE 802.11. When measuring site is in the service range of wireless network, the scheme shown in Fig. 11 could be adopted to send the data to the Internet. The transmission speed of this scheme (up to 54Mbps) is much higher than that based on GPRS technology (up to 115kbps). However, it often happens that the RF signal will be damped by buildings and thus seriously shorten the transmission distance. To overcome this problem, directional antennas could be used to enhance the signal.
GPRS. Generally, the signal of mobile phone could be spread more widely than that of wireless network. The GPRS technology could provide more flexible application for wireless data transfer. Although the transmission speed is slower, it is still fast enough for the application of this system. Fig.  12 shows another solution of wireless data transfer when the IEEE 802.11 scheme failed. The data could be transfer to the Internet through a Bluetooth-supported cell phone. Besides, they could also be sent by a GPRS card.
Preliminary Experiment
Recently, many researches tried to build the correlation between ultrasonic velocity and compressive strength of concrete material and then used that to evaluate the quality of concrete structure [11] . Most of the correlation results are good; however, owing to the congenital limitations of the traditional ultrasonic instruments, it is hard to be applied for in-situ use. The system developed in this paper can used to measure the elastic wave velocity just on one surface of concrete structure, overcomes the limitations of ultrasonic method and could be easily utilized for on-site applications. The goal of the experiment is to verify the function of this system.
In the experiment, a series of standard cylindrical test specimens were fabricated and tested. Standard compression test was adopted to determine the compression strength of the concrete 
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Title of Publication (to be inserted by the publisher) specimens. Before the compression test, the longitudinal wave velocity of the specimen was measured. Shown in Fig. 13 is the obtained relation between the wave velocity and the compression strength. And Shown in Fig.14 is the relation between the predicted strength and the actual strength. The predicted strength is calculated from the correlation curve with the measured velocity. The value of SEF (standard error of fit) is as low as 17.2kgw/cm 2 . These preliminary results show a good correlation between the concrete strength and the P wave velocity measured.
Summary
In this paper, based on the transient elastic wave theory, an elastic-wave-velocity measurement system was developed. The interdisciplinary techniques related to civil engineering, electronic engineering, mechanical engineering, and computer science were integrated to make this system more stable and easier to operate on the construction site. The processes during the measurement such as data capturing, signal processing and even data analysis are accomplished by the controlling software automatically. That is to say, all the tasks the operating staff needs to do is just making an impact and then recording the result. The measurement will be completed in seconds. Therefore, lots of data could be gathered in very short time and then used to estimate the quality of concrete. Besides, the wireless data transfer technology was also adopted in this system. With this function, more experts could monitor the measurement simultaneously through the Internet. In the preliminary experiment, the result shows good correlation between the wave velocity and the compression strength. It demonstrates the potential of this system on the application of NDT technology. 
